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We provide a theoretical description of frustrated multiferroic MnI2 with a spiral magnetic or-
dering in magnetic field h. We demonstrate that subtle interplay of exchange coupling, dipolar
forces, hexagonal anisotropy, and the Zeeman energy account for the main experimental findings
observed recently in this material (Kurumaji, et al., Phys. Rev. Lett. 106, 167206 (2011)). We
describe qualitatively the non-trivial evolution of electric polarization P upon h rotation, changing
P direction upon h increasing, and disappearance of ferroelectricity at h > hc, where hc is smaller
than the saturation field.
PACS numbers: 75.30.-m, 75.30.Kz, 75.10.Jm, 75.85.+t
I. INTRODUCTION
Multiferroics are among the most interesting and per-
spective materials nowadays. The possibility of cross
control between electric and magnetic degrees of free-
dom gives rise to various highly desirable applications
of these compounds.1 The main goal is to synthesize
a material with strong magnetoelectric coupling in or-
der to control magnetization M (electric polarization P)
by electric (magnetic) field.2 Very promising in this re-
spect are multiferroics of spin origin in which ferroelec-
tricity is induced by spiral magnetic ordering and a giant
magnetoelectric response was discovered. Three main
mechanisms of ferroelectricity of spin ordering are dis-
cussed now: exchange-striction mechanism, the inverse
Dzyaloshinskii-Moriya (DM) mechanism, and the spin-
dependent p-d hybridization mechanism.1
Frustration plays an important role in many multifer-
roics of spin origin. In particular, the frustration produc-
ing a short-period spiral magnetic ordering is indispens-
able for the inverse DM mechanism of ferroelectricity.3
Besides, the frustration-induced proper screw type of
magnetic ordering can lead to ferroelectricity in some
materials through the variation in the metal-ligand hy-
bridization with spin-orbit coupling (the spin-dependent
p-d hybridization mechanism).1,4 Due to the high sym-
metry of crystal lattice, such compounds can host multi-
ple domains with different electric polarizations. This
leads to possibility of switching between the domains
(i.e., changing P of the whole sample) by magnetic field
H. Such H-induced rearrangement of six domains was
studied experimentally5 in triangular lattice helimagnet
CuFe1−xGaxO2. At large enough in-plane H, the electric
polarization P||q flops on 120◦ upon H rotation through
(60p)◦, where p is integer, as a result of a switch of the
helical vector q.
The situation is more complicated in another triangu-
lar lattice helimagnet MnI2. At H = 0, the proper screw
magnetic ground state hosts in-plane electric polarization
P ⊥ q||〈110〉 which can be accounted for by both the in-
verse DM and the p-d hybridization mechanisms.6,7 Cor-
responding six domains can be controlled by magnetic
field H < 3 T in the manner described above.6 However,
the stable q direction changes to 〈110〉 and P becomes
parallel to q when H exceeds 3 T. At H ≈ 3 T, q and P
rotate smoothly upon in-plane H rotation.
In the present paper, we address this peculiar com-
petition of two multiferroic orders in MnI2 in mag-
netic field. We use the model which we propose in
Ref.7 for the description of the successive phase tran-
sitions in helimagnets with dipolar interaction (which
successfully describes also MnI2). We perform below a
ground-state energy analysis of the system taking into
account symmetry-allowed anisotropic interactions (mag-
netic dipolar interaction as well as easy-axis and hexago-
nal anisotropies), which were shown to play an important
role in MnI2.
7 We describe quantitatively the experimen-
tally observed low-temperature behavior of MnI2 in the
external magnetic field.
The rest of the paper is organized as follows. We dis-
cuss MnI2 in zero and finite magnetic fields in Secs. II and
III, respectively. Sec. IV contains summary and conclu-
sion.
II. MnI2 AT ZERO MAGNETIC FIELD
MnI2 crystallizes in a layered hexagonal lattice with
centrosymmetric space group P3m1 (see Fig. 1(a)). Tri-
angular planes of magnetic Mn2+ ions are stacked along
hexagonal z axis. Positions of ligand iodide ions alternate
above and below the planes as it is shown in Fig. 1(b).
Mn2+ ions are in spherically symmetric state with L = 0,
S = 5/2, and g ≈ 2 that makes the spin-orbit interaction
quite small. As a result, the dipole interaction becomes
one of the main source of anisotropy in MnI2. Accord-
ing to the neutron diffraction data,8 this compound un-
dergoes three successive magnetic phase transitions at
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FIG. 1: (a) Crystal structure of MnI2. Exchange interactions
J are also shown. (b) Triangular layer of MnI2 structure.
Black circles stand for magnetic Mn2+ ions. Gray and white
circles are iodide ions located below and above the triangular
plane, respectively.
TN1 = 3.95 K, TN2 = 3.8 K, and TN3 = 3.45 K. The
second-order transition takes place at T = TN1 to the
phase with an incommensurate sinusoidally-modulated
(ICS) spin order in which the magnetization is directed
along the twofold symmetry axis of the magnetic sub-
system. The second-order transition at T = TN2 is re-
lated with the breaking of the twofold rotational symme-
try in the ICS phase: at TN3 < T < TN2, the projec-
tion of the ICS modulation vector q onto xy-plane and
the magnetization continuously move upon T decreas-
ing from one high-symmetry direction to another (e.g.,
from 〈100〉 to 〈110〉). At T = TN3, the first-order tran-
sition occurs to a phase with a proper screw magnetic
ordering in which spins rotate in the plane perpendicular
to q ≈ (0.181, 0, 0.439). The proper screw spin texture
breaks the inversion symmetry, thus allowing for the elec-
tric polarization along [110] axis.6.
This cascade of magnetic phase transitions was suc-
cessfully described theoretically within a mean-field the-
ory in our previous paper7. We demonstrated that due
to the small exchange integrals (which would lead only
to a single transition to the spiral phase) spin interac-
tions of relativistic nature are responsible for the set of
phase transitions. The essential ingredients of our model
were: (i) magnetic dipole interaction which provides cor-
rect magnetization direction in the ICS phase, (ii) in-
plane hexagonal anisotropy which is responsible for the
transition at TN2 by making [110] set of axes (see Fig. 1)
to be easy directions of the magnetization, (iii) easy-axis
anisotropy which determines the spin rotational plane in
the low-T spiral phase.
We adopt this model below to describe MnI2 at small
T in the external magnetic field H. The corresponding
Hamiltonian of the magnetic subsystem reads as
H = Hex +Hdip +Heas +Hhex +HZ , (1)
Hex = 1
2
∑
i,j
JijSi · Sj , (2)
Hdip = 1
2
∑
i,j
Dαβij S
α
i S
β
j , (3)
Heas = −Y
∑
i
(Szi )
2
, (4)
Hhex = −Z
∑
i
(Syi )
2
[
(Syi )
2 − 3(Sxi )2
]2
, (5)
HZ = −
∑
i
h · Si, (6)
where Hex is the exchange interaction (see Fig. 1(a)
for the exchange coupling interactions included in the
model), Hdip is the dipolar interaction,
Dαβij = ω0
v0
4pi
(
1
R3ij
− 3R
α
ijR
β
ij
R5ij
)
, (7)
v0 is the unit cell volume,
ω0 = 4pi
(gµB)
2
v0
≈ 0.31 K, (8)
is the characteristic dipolar energy (to calculate this
quantity one should take lattice parameters a = 4.146 A˚,
c = 6.829 A˚, and g ≈ 2), Heas and Hhex describe the
easy-axis and the hexagonal anisotropies, respectively,
and h = gµBH in the Zeeman energy. We omit in Eq. (1)
a small DM spin interaction which does not effect the
spin textures and which arises at T < TN3 as a result of
the electric polarization stabilization via the inverse DM
mechanism.7 After the Fourier transform
Si =
1√
N
∑
q
Sqe
iqRi (9)
contribution to the the classical energy E from the first
three terms in Eq. (1) acquires the form
E0 =
∑
q
Hαβq SαqSβ−q, (10)
where symmetrical tensor Hαβq = 12 (Jqδαβ + Dαβq ) −
Y δαzδβz possesses three eigenvalues λ1,2,3(q) and the
corresponding eigenvectors v1,2,3(q), where Jq =∑
j 6=0 J0je
iqRj and Dαβq =
∑
j 6=0D
αβ
0j e
iqRj . Slowly con-
vergent lattice sums in the dipolar term have been rewrit-
ten in fast convergent forms (see, e.g., Ref.9) and calcu-
lated numerically. We assume below that the smallest
3and the largest eigenvalues are λ1(q) and λ3(q), respec-
tively.
By minimizing the mean-field free energy, we found in
Ref.7 a set of parameters of the model (1) which success-
fully describes the cascade of phase transitions in MnI2 at
h = 0. We found also that a lot of distinct set of parame-
ters can be suggested to describe by model (1) the proper
screw spiral ordering with q = qsp = (0.181, 0, 0.439) ob-
served experimentally at small T . We quoted in Ref.7
(see Eq. (36)) that set of parameters which is closest
to the parameters suggested for description of the high-
temperature behavior of MnI2.
11 However, as we find in
the present study, that set of parameters underestimates
significantly critical magnetic fields of MnI2 at low tem-
peratures. We demonstrate below that the following pa-
rameters describe successfully low-T experimental find-
ings:
J1 = −0.38, J2 = 0.42, Jab = −0.06,
Jc = 0.28, Jnc = 0.08, Jnnc = 0.12,
Y = 0.12, Z = 0.02,
(11)
where all values are in Kelvins.
The set of different exchange couplings is illustrated in
Fig. 1(a). The most long-range exchange integral Jnnc
(which could be omitted at the first glance) plays an im-
portant role: it lowers the symmetry of the exchange
interaction around the c-axis to the three-fold one.10
The easy-axis anisotropy determines the spiral rotational
plane: if Y was zero, spins would lie in xy-plane. Z looks
small but the contribution to the system energy from the
six-fold anisotropy is noticeable because it is proportional
to S6 and S = 5/2.
III. MnI2 IN MAGNETIC FIELD AT SMALL T
Only perpendicular to the spin rotational plane com-
ponent of the magnetic field
h = h(cosφh, sinφh, 0) (12)
makes the main contribution to the classical energy at
small enough h (we consider below h much smaller than
the saturation field hs which is larger than 6 T in MnI2).
Then, the short-period spin texture is approximately con-
ical which can be characterized by the cone angle α
(α = 0 at h = 0) and vector
n = (sin θ cosϕ, sin θ sinϕ, cos θ) (13)
normal to the spin rotational plane (θ ≈ 38◦ and ϕ =
(60p)◦ at h = 0, where p is integer). Numerical cal-
culation with parameters (11) shows that dipolar forces
provide v1(q) ⊥ q so that
q‖ ± n (14)
(spirals with modulation vectors q and −q have the same
energy). Then, magnetic moment at i-th site has the
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FIG. 2: Graphics of f(θ, ϕ, α) at θ = 38◦ which appears in
classical energy (17) and describes the hexagonal anisotropy.
Under magnetic field (i.e., the cone angle α) increasing, min-
ima and maxima of f change places so that f goes through a
flat profile at α ∼ αc ≈ 15◦.
form
Si = S [(a sinqRi + b cosqRi) cosα+ n sinα] , (15)
where
a = (− sinϕ, cosϕ, 0),
b = (− cos θ cosϕ,− cos θ sinϕ, sin θ) (16)
are basis vectors in the spin rotation plane.
It is seen from Eq. (15) that the classical energy de-
pends only on S±q and S0 and its explicit form is
E(θ, ϕ, α,h) =
S2
2
(
λ1(q) + λ2(q) sin
2 θ + λ3(q) cos
2 θ
)
cos2 α
+ S2λ0 sin
2 α− S2
(
Y − Nzzω0
2
)
cos2 θ sin2 α
− ZS6f(θ, ϕ, α)− hS sin θ sinα cos (ϕ− φh) (17)
−XS4 sin2 2θ,
where Nzz is the demagnetization tensor component,
the term with f(θ, ϕ, α) originates from the hexagonal
anisotropy (see Fig. 2 for graphics of this function at
θ = 38◦), and λ0 = J0 − ω0/3. For definiteness, we con-
sider below a crystal having the form of a thin plate so
that Nzz = 1.
The last term in Eq. (17) describes phenomenologically
the contribution from the magnetoelectric coupling. It is
derived as follows. In general, electric polarization can
be found by minimization of the mean energy3
HME = −γP ·PSO + P
2
2χE
, (18)
where the first term arises due to the non-collinear spin
ordering. For ligand lying between i-th and j-th magnetic
4ions, the inverse DM mechanism gives1
PSO ∝ eij × [Si × Sj ] (19)
whereas the p-d hybridization mechanism leads to1
PSO ∝ (eil · Si)2eil, (20)
where l denotes the site with nonmagnetic ligand. One
obtains by minimization of Eq. (18) P = γχEPSO
and HME = −χEγ2P 2SO/2. Eqs. (19) and (20) pro-
vide different θ-dependence of PSO but it follows from
the symmetry that both Eqs. (19) and (20) vanish for
spirals with θ = pi/2 and θ = 0 (in particular, it is
shown in Ref.7 that the inverse DM mechanism gives
P ∝ sin
(√
3
2 q sin θ
)
cos θ which vanishes at θ = 0, pi/2 as
it is seen from Eqs. (13) and (14)). The simplest function
which describes phenomenologically this θ-dependence is
sin 2θ (calculations show that our conclusions are insen-
sitive to the particular choice of this function). Then, it
is seen from Eqs. (19) and (20) that PSO ∝ S2. As a
result, we come from HME = −χEγ2P 2SO/2 to the last
term in Eq. (17), where X is a constant.
The following qualitative picture arises from analysis
of Eq. (17). At small h, α is also small and the hexag-
onal anisotropy provides energy minima at ϕ = (60p)◦,
where p is integer, that corresponds to q⊥||〈110〉 direc-
tions (see Figs. 1 and 2), where q⊥ is the projection
of q on the triangular plane. Then, six domains can
appear in a sample with six possible orientations of q.
Electric polarization P ⊥ q⊥ arises in each domain via
the inverse DM or the p-d hybridization mechanisms.1,7
The energy maxima are at q⊥||〈110〉 so that switches of
q take place upon magnetic field rotation across angles
φh = (30 + 60p)
◦ which are accompanied with switches
of P (it is seen from Eq. (17) that the Zeeman term is
minimized upon such q flops).
Naively, one could expect that upon a 60◦ counter-
clockwise rotation of h, P turns by the same angle of 60◦
in the same direction. However, the situation is more
complicated. Because the system possesses only a three-
fold rotation axis (see Fig. 1), the 60◦ rotation of the
magnetic field could be accompanied with the same ro-
tation of q⊥ but qz should change its sign to provide the
energy minimum. Such evolution of q, however, would
be at odds with the experiment which shows that spin
chirality is preserved upon h-induced q-flops due to the
difference in stability between two different multiferroic
domain walls5,6. The evolution of q which provides min-
ima for both domain energy and the domain walls energy
is changing the sign of q⊥ and preserving qz. It is easy
to show that such q modification leads to a clockwise
rotation by 120◦ of P.
Under h increasing, α also rises and minima and max-
ima of the hexagonal anisotropy change places at some
critical value αc ≈ 15◦ of the cone angle as it is seen from
Fig. 2. This change of the hexagonal anisotropy can be
explained qualitatively by simple example of the proper
screw spiral with θ = 90◦ (see Fig. 3). Projections of
q┴
S
q┴
S
(a) (b)
H
 
 
FIG. 3: Triangular planes are shown, where dashed and solid
lines are easy and hard directions, respectively, made by the
hexagonal anisotropy. This figure illustrates the changing
places of minima and maxima of the hexagonal anisotropy
energy upon field increasing which is shown in Fig. 2 (see the
text).
spins on the triangular plane are shown in Fig. 3 for two
cases: (a) h‖q⊥‖〈11¯0〉 (this configuration minimizes the
anisotropy energy at h = 0); (b) h‖q⊥‖〈110〉 (this con-
figuration maximizes the anisotropy energy at h = 0). It
is seen from Fig. 3 that upon field increasing, spins in
the cone spiral become closer to the hard and easy di-
rections in cases (a) and (b), respectively, that results in
the changing places of minima and maxima at the critical
cone angle αc.
The system classical energy changes accordingly upon
h increasing: at moderate magnetic fields h & 2.6 T,
the system energy becomes smaller in configuration
h‖q⊥‖〈110〉 than in configuration h‖q⊥‖〈11¯0〉. As a re-
sult, at a given orientation of h spin ordering changes in
domains at some field value from q⊥‖〈11¯0〉 to q⊥‖〈110〉
(see Fig. 4). The in-plane field rotation leads to the
switches between these domains at φh = (60p)
◦. This
changing of the spin ordering is accompanied with chang-
ing the type of the multiferroic ordering in the domains
from P ⊥ q⊥ to P||q⊥. The latter can be described
by the p-d hybridization mechanism (see, e.g., Ref.4). It
is seen from Fig. 1 that one has to consider the cluster
shown in Fig. 5 to determine P direction at q⊥‖〈110〉. It
is easy to show using Eq. (20) that contributions to the
P component perpendicular to q⊥ exactly cancel each
other, and only P component along q⊥ can be nonzero.
The clockwise rotation by 120◦ of P upon the counter-
clockwise rotation of h by 60◦ is explained in the same
spirit as it is done above for the low-field regime.
At h ∼ 2.6 T both spin textures have approximately
the same energy and the hexagonal anisotropy is almost
independent of ϕ (see Figs. 2 and 4). This results in
a continuous rotation of q⊥ by rotating magnetic field
keeping q⊥‖h. As it is explained above, P ⊥ q⊥ and
P‖q⊥ when q⊥‖〈11¯0〉 and q⊥‖〈110〉, respectively. Then,
P rotates clockwise twice while magnetic field rotates
counterclockwise once at this critical field region. This
picture is in full qualitative agreement with experimental
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FIG. 4: Classical energies of two spin states with q⊥‖〈11¯0〉
and q⊥‖〈110〉 having different multiferroic orderings (P ⊥ q⊥
and P||q⊥, respectively) at h‖〈110〉. At small magnetic field,
configuration with q⊥||〈110〉 (black curve) is stable, whereas
at h ≈ 3.8 T a first-order transition takes place to the state
with q⊥‖〈110〉 (red curve) due to subtle interplay between
Zeeman energy and the hexagonal anisotropy. At h = hc ≈
4.8 T, θ becomes equal to 90◦ in both spin textures in which
case P = 0.
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FIG. 5: Cluster for derivation of P when q⊥||〈110〉.
findings of Ref.6.
Under magnetic field increasing, θ also grows so that
vector n lays on the xy-plane (θ = 90◦) at large enough h.
In this case, electric polarization is exactly zero in accor-
dance with both the inverse DM and the p-d hybridiza-
tion mechanisms. Then, the field value hc (denoted in
Fig. 4) at which θ becomes equal to 90◦ determines the
border of the ferroelectric phase.
According to our calculations with parameters (11),
hc ≈ 4.8 T whereas its experimentally obtained6 value
is slightly smaller than 6 T. Theoretically obtained field
value of ≈ 2.6 T at which the smooth rotation of q⊥
occurs is close to the corresponding experimental value
of ≈ 3 T. We observe the first-order transition to the
state with q⊥‖〈110〉 at h ≈ 3.8 T (see Fig. 4) that is
also in good agreement with the experiment (according to
Ref.6, this field lies in the interval (2.7, 3.3) T). Overall,
the quantitative consistency of our discussion with the
experiment is reasonably good.
IV. SUMMARY AND CONCLUSION
To conclude, we provide a theoretical description of
multiferroic MnI2 in magnetic field h at small T . We
show that a subtle interplay of exchange coupling, dipo-
lar forces, hexagonal anisotropy, and the Zeeman energy
account for key experimental findings of Ref.6. In par-
ticular, we show that P turns by 120◦ clockwise upon
the counterclockwise field rotation by 60◦. We demon-
strate that P direction changes upon h increasing from
P ⊥ q⊥ to P||q⊥. It is also observed that the ferroelec-
tricity disappears at h > hc, where hc is smaller than the
saturation field.
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